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Abstract: The combination of polarization-sensitive optical coherence tomography (PS-OCT)
and birefringence microscopy (BRM) enables multiscale assessment of myelinated axons in
postmortem brain tissue, and these tools are promising for the study of brain connectivity and
organization. We demonstrate label-free imaging of myelin structure across the mesoscopic
and microscopic spatial scales by performing serial-sectioning PS-OCT of a block of human
brain tissue and periodically sampling thin sections for high-resolution imaging with BRM. In
co-registered birefringence parameter maps, we observe good correspondence and demonstrate
that BRM enables detailed validation of myelin (hence, axonal) organization, thus complementing
the volumetric information content of PS-OCT.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

As neurons fire in the brain, axons enable high-speed conduction of the electrical signal from the
neuron soma to a distal location, where the neuron forms synaptic connections with other cells.
In the central nervous system (CNS), oligodendrocytes are responsible for myelinating axons
to increase the speed and energy efficiency of conduction, and they do so by prioritizing axons
with larger diameters and higher levels of electrical activity [1,2]. Each neuron has one axon,
and put simply, each myelinated axon, or fiber, represents a link in communication between two
regions of the brain, or between the brain and other parts of the body. The assessment of fibers
and their three-dimensional (3D) orientations within the brain provides a measure of the degree
of connectivity between associated regions or the architectural organization within a specific
region. Metrics of fiber organization have direct applications in studies of neuroanatomy and
tractography.

Myelinated axons can be imaged at several different length scales, ranging from high-resolution
imaging of individual axons to imaging of bundles of axons within white matter tracts. For the
limits of the range of resolution, there are two established techniques: electron microscopy (EM)
and diffusion-weighted magnetic resonance imaging (AMRI). EM provides the highest (<1 nm)
resolution images of myelinated axons at the ultrastructural level [3-5], but EM preparations are
technically challenging and cannot be used to investigate axonal trajectories over larger spatial
scales. On the other hand, dMRI, which measures the anisotropic diffusion of water in brain
tissue and can be employed in vivo [6], enables volumetric imaging of bundles of myelinated
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axons and their trajectories across any region of the brain, but with mesoscopic resolution
(typically ~1 mm in vivo or ~200 um ex vivo). As dMRI contrast is based on local alignment and
packing density of axons and their myelin [7-9], dMRI excels for imaging of fiber bundles within
white matter tracts [10-12], while it faces resolution and sensitivity limitations in regions with
complicated fiber configurations, such as superficial white matter and gray matter [13—16]. For
improving dMRI reconstruction algorithms and the interpretation of dMRI data, new methods of
microscopic validation are needed [17—19].

For imaging and studying the organization of the brain, label-free optical methods are highly
attractive, as they provide direct contrast based on native structures or molecules in tissue. For
imaging myelinated axons, specifically, the unique structure and composition of myelin can be
leveraged to enable label-free mapping of axonal trajectories. Due to its composition of densely
packed lipids and proteins, myelin has a high refractive index, resulting in strong scattering in
aqueous media. One of the most promising methods for label-free, volumetric imaging of myelin
(as well as cells and vasculature) in brain tissue is optical coherence tomography (OCT), which
images scattered light in reflectance and provides depth-resolved intensity contrast based on the
density of myelinated axons within a given voxel [20,21].

In addition to its scattering properties, the myelin sheath exhibits strong optical birefringence,
a consequence of the anisotropic structure of the lipids [22,23], resulting in anisotropy of the
electric polarizability and, hence, the optical index of refraction. Optical birefringence of myelin
is imaged using polarized light, and the birefringence is characterized quantitatively by the
relative retardance (induced between orthogonal polarization components) and the in-plane
optic-axis orientation. As birefringence is directional, birefringence parameters directly facilitate
the study of myelinated axons and their spatial organization across brain tissues. Due to the
radial orientation of the optic axis of myelin birefringence, when imaging myelinated axons
with polarized light, the myelin sheath provides birefringence contrast at its edges (Fig. 1). The
tracking of fibers can be readily carried out with birefringence imaging of myelin, as the myelin
optic axis and fiber structural axis are always normal to one another.

To extend OCT for the simultaneous detection of myelin birefringence and scattering,
polarization-sensitive OCT (PS-OCT) was developed [24], enabling volumetric imaging of
fibers in brain tissue with micrometer-level resolution [25]. The fibers are imaged and quantified
by their scattering properties and birefringence parameters. When combined with a serial sec-
tioning approach, PS-OCT can be used to image large volumes of brain tissue without distortions
due to sectioning and slide preparation [26]. In ex vivo brain tissues, PS-OCT shows great
promise for validating fiber orientation distributions predicted by dMRI [19,27]. While PS-OCT
excels for mesoscopic imaging of myelin across large volumes of brain tissue, a microscopy
approach with higher numerical aperture (NA) is required for imaging myelin at the level of
individual axons. High-NA polarization-sensitive optical coherence microscopy (PS-OCM) has
been demonstrated [28], but with the use of a coherent light source, there is an inevitable loss of
resolution and sensitivity due to laser speckle noise.

To achieve higher resolution images of myelinated axons, but limited to smaller volumes,
brain tissue may be sectioned and imaged with birefringence microscopy (BRM) [29]. BRM
provides diffraction-limited images of myelin birefringence with any objective, and avoids speckle
by utilizing an incoherent, narrowband light source such as a bandpass-filtered lamp or LED.
BRM provides either qualitative images of the birefringence in real-time, with cross-circular
polarized BRM (CCP-BRM) [30], or quantitative images with quantitative BRM (¢qBRM) [31].
The main principles of gBRM closely mirror the work and optical setup of Axer et al. and
their development of “3D polarized light imaging” (3D-PLI) [32], but has not been previously
used for high-resolution imaging at single-axon scales. Just as in PS-OCT, gBRM involves
the determination of the relative retardance and in-plane optic-axis orientation (birefringence
parameters) of myelin. With access to these structural contrasts at higher resolution than PS-OCT,
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Fig. 1. Birefringence of myelin imaged with polarized light. Cross-sectional diagram of a
myelinated axon oriented “longitudinally” within tissue: parallel to the surface of the section
(and parallel to the imaging plane). The typical range of diameters for myelinated axons
in the CNS (~0.3-5 um) is noted on the right side of the diagram. The radial optic axis of
myelin is indicated with black arrows. In this illustration, linearly polarized light is incident
from above, with its electric-field vector oscillating at 45 degrees to the structural axis of the
fiber. Regions of the myelin sheath that generate birefringence contrast are shown with red
shading. After propagating through the edges of the myelin sheath, where the myelin optic
axis is oriented within the polarization plane, the electric field vector traces out an elliptical
pattern. For polarized light propagating through the middle of the myelin sheath, where the
myelin optic axis is oriented parallel to the direction of light propagation, there is no change
in the incident polarization state.

gBRM can be used to image the same tissue to provide complementary information for validation.
However, since qBRM is restricted to thin sections, it is challenged in quantifying large volumes
of tissue and is thus complemented by PS-OCT.

In this work, we perform multiscale imaging of a block of human brain tissue with both
serial-sectioning PS-OCT and gBRM, and we compare the birefringence parameters extracted
with the two methods in various regions of gray and white matter, with an emphasis on regions
with crossing fibers. The ability to resolve and validate the orientations of crossing fibers within
white matter has gained great attention in the field of dMRI, as these regions with multiple,
complex fiber orientations within a voxel are where traditional dMRI (or diffusion tensor imaging)
tractography fails to accurately determine orientations unambiguously [11,13,33,34]. The same
problem extends to low-resolution polarized-light (birefringence) imaging of white matter regions
with crossing fibers, where mixtures of crossing fibers result in attenuation of retardance and the
inability to analyze multiple orientations, leading to a misinterpretation of the total distribution
of fiber orientations [32,35-37]. With high-resolution gBRM, these challenges can be overcome
by acquiring high-resolution z-stacks across the thickness of the brain section. The combined use
of PS-OCT and qBRM enables multiscale assessment of myelinated axons and their organization
within the human brain, and these complementary tools are promising for the study of connectivity,
validation of dMRI, and the characterization of damage to myelinated axons in neurodegenerative
diseases.
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2. Methods
2.1. Tissue preparation

A block of human brain tissue (2 X 2 X 0.5 cm) from the dorsolateral prefrontal cortex, sectioned
in the coronal plane [Fig. 2(b)], was obtained from the Boston University Alzheimer’s Disease
Research Center brain bank. The tissue came from a patient with chronic traumatic encephalopathy
(CTE, stage III) with a post-mortem interval that did not exceed 24 hours. It was fixed by
immersion in 10% formalin for ~2 months, and before preparing the tissue block for imaging, the
sample was washed in phosphate-buffered saline (PBS) for a month to ensure complete removal
of residual fixative.

BD1
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Fig. 2. (a) PS-OCT schematic. (b) Diagram of anatomical region (yellow box) that was
imaged in the coronal plane of the dorsolateral prefrontal cortex. OC: optical circulator.
PC: polarization controller. BD1-2: two balanced detectors. FC: fiber collimator. PBS:
polarized beam splitter. BS: beam splitter. QWP: quarter-wave plate. LP: linear polarizer.
RF: retroreflector. VR: variable retarder. GM: Galvo mirror pair. SL: scan lens. TL: tube
lens.

To prepare the tissue for imaging with serial-sectioning PS-OCT, the tissue block was embedded
in 4.5% agarose for structural support and was then partially index-matched by immersion in
a solution of 40% glycerol (60% PBS) for three days. During imaging, the sample was also
immersed in 40% glycerol. The concentration of 40% glycerol (n ~ 1.38) was chosen to provide
partial index-matching to myelin lipids (n ~ 1.46) for adequate optical penetration, yet still
retaining enough scattering for imaging of backscattered light. Additionally, with the vibratome
integrated into our PS-OCT system, we have experienced difficulties with generating reliable
tissue sections when using higher glycerol concentrations. Immediately after block-face PS-OCT
imaging, the most superficial 150 um of tissue was cut away from the block in the form of
multiple 30 um coronal sections, and the sections were collected in sequence (in vials of PBS)
for high-resolution imaging with gBRM. After cutting away the 150 pm of surface tissue, the
next portion of the block was accessible for another PS-OCT image.

For gBRM, each 30-um brain section was transferred to a shallow dish filled with PBS, and
the sections were individually guided onto a gelatin-coated microscope slide with a paintbrush.
As myelin structure is highly sensitive to degradation during drying of the tissue (commonly
employed as a method for adhering tissue to a slide), care must be taken to avoid lengthy drying
steps during slide preparation. After manipulating the brain section as necessary to remove
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wrinkles or folds, additional PBS is removed from the section by applying a piece of lint-free
optical grade lens tissue directly on the tissue section and leaving it for several seconds. The lens
tissue soaks up the majority of the PBS without risk of tissue to lift-off from the gelatin-coated
slide when removed. Immediately after removing the lens tissue, the mounting medium (85%
glycerol in PBS + 0.01% sodium azide) is pipetted over the brain section and the coverslip is
placed on top and sealed with nail polish. The 85% glycerol (n ~ 1.46) mounting medium
provides optimal index-matching to myelin lipids for minimizing scattering and maximizing
birefringence contrast during gBRM.

2.2. Serial-sectioning PS-OCT

The PS-OCT microscope [Fig. 2(a)] was described previously [38]. We use a swept source
laser (AxsunTech) with a 100 kHz sweep rate, a central wavelength of 1310 nm, and a spectral
full-width-half-maximum (FWHM) of 110 nm, yielding an axial resolution of 7 um in brain tissue.
Imaging is performed with a 4X objective lens (Olympus UPLFLN4X, NA 0.13), providing a
lateral resolution of 6 um and a confocal parameter of 150 um. We use 1 X 1 mm field-of-view
(FOV) with a 3-um lateral step size and 30% overlap between tiles. The sample is mounted on
XYZ-motorized stages, which translate the sample during imaging of the whole surface and
between the vibratome and objective lens. The system invokes a free-space interferometer, with a
quarter-wave plate (QWP) and a polarizing beam-splitter to illuminate the sample with circularly
polarized light and uses two balanced detectors for measuring orthogonally polarized reflected
light. A variable retarder (VR) placed in the sample arm is used to compensate for the system
birefringence, enabling precise measurement of sample birefringence [38]. Nevertheless, there
is residual birefringence across different regions of the FOV that are a result of scanning the
sample with galvo mirrors (GM), as varying angles of incidence on the mirror surface induce
slightly different changes to the polarization state that cannot be individually compensated [39].
The GM scanning results in the repetitive green and purple tiling patterns seen in regions of
PS-OCT optic-axis orientation maps with low birefringence signal. When using a glass slide for
a background measurement of the system, the relative retardance was measured to be less than 5°
across the FOV, with the center of the FOV being close to 0°. After block-face imaging, a custom
vibratome cuts off 30 um brain sections for imaging with BRM.

Determination of the scattering coefficient, y; [40,41], and birefringence [42] followed
previously reported methods, by fitting the depth profiles of PS-OCT intensity and retardance.
Briefly, y; is extracted by fitting the depth attenuation of OCT signal to the following nonlinear
model,

R() =y - € PSF(2), (D)

where R(z) is the OCT signal as a function of depth, y; is the backscattering coefficient and PSF(z)
is the point spread function. For extraction of birefringence parameters, PS-OCT measures the
orthogonal polarization states of the sample reflection. The relative retardance,

Al
§=tan' [—], 2
an (Az) 2
and optic-axis orientation,
$1— ¢
== 3
@ 2 3)

are determined by analyzing the amplitude and phase of the complex signal after taking the
Fourier transform of the spectral domain data. In Eqgs. (2) and (3), A; and A; are the amplitude
and ¢, and ¢, are the phase of the polarization detection channels, which are parallel and
perpendicular to the input polarization, respectively. For the relative retardance maps, Eq. (2)
gives the accumulated relative phase retardance, which is integrated over the confocal parameter
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(150 um), where the relative retardance (6) is the product of the optical birefringence (An) and
the thickness () of an anisotropic tissue, normalized by wavelength (1):
An -t
0= . 4
;) “
In fitting both Eq. (1) and Eq. (4), we use about 200-300 um of depth and 12 x 12 pum lateral
averaging of A-scans. For generation of the optic-axis orientation maps with Eq. (3), we employ
the same histogram approach adopted from [28], where the peak ¢ value is chosen after binning
of ¢ values is performed over pixels in the axial dimension with 5° intervals. We ignored
diattenuation effects during the calculation, as absorption is negligible across short distances of
fixed brain tissue [43].

2.3. BRM

BRM is a technique that utilizes polarized light to image birefringent structures and is ideally
suited for the imaging of myelin with widefield detection at any diffraction-limited optical
resolution. In practice, there are two configurations that we use for BRM of myelin [29]. Our
custom BRM system (Fig. 3) uses high-speed rotational stages for polarization control and
high-speed translation stages to manipulate the sample in XY and the objective in Z (Section
S1.1). Real-time imaging is performed with cross-circular-polarized BRM (CCP-BRM), which
provides orientation-independent images of birefringence intensity, with myelin generating
bright contrast against a dark background. CCP-BRM is user-friendly and convenient for
bringing individual axons into focus for visual inspection or for more detailed imaging with
quantitative BRM (gBRM). With gBRM, the sample is sequentially illuminated with multiple
linear polarization states, and the resulting intensity is detected through a circular analyzer,
enabling determination of the birefringence parameters. In unprocessed gBRM images taken
with different illuminator polarizer angles, 6, each pixel exhibits a sinusoidal intensity, /(6),
depending on local birefringence of tissue:

1(6) = 130[1 + sin(2(0 — ¢)) - sin(278)], (&)

where [ is the transmittance, ¢ is the in-plane optic-axis orientation, and |sin(276)] is the relative
retardance given by Eq. (4). The parameter maps for relative retardance, [sin(276)|, in-plane
optic-axis orientation, ¢, and transmittance, Iy, can be determined by utilizing a solution to
Eq. (5) with measurements at three values of 6 (Section S1.2).

For BRM, the optical resolution is governed by the Abbe diffraction limit, where the lateral
resolution,

A
dlateral = m, (6)
and axial resolution,
21
axial R (7)
(NA)

are dependent on the wavelength (1) and the numerical aperture (NA) of the objective lens.
Our BRM system incorporates a set of 4X (NA 0.13), 10X (NA 0.3), 20X (NA 0.5), and 40X
(NA 0.75) air objectives as well as a 60X oil-immersion (NA 1.35) objective. Depending on
the length-scale and features of interest to the user, different objective lenses are chosen. With
lower-NA objectives [e.g., 4X (NA 0.13) and 10X (NA 0.3)], the entire thickness of a 30-um thick
brain section is approximately captured within one focal plane, while with higher-NA objectives
[e.g., 20X (NA 0.5), 40X (NA 0.75) and 60X (NA 1.35)], volumetric images are acquired across
the thickness of the section as z-stacks. As BRM is rapid and imaged with widefield detection
(i.e., a camera), BRM acquisitions routinely involve scanning the tissue in a grid-pattern, either
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Fig. 3. BRM schematic. The solid red lines indicate illumination rays and the dashed red
lines indicate image-forming rays. LED: light-emitting diode. QWP: quarter-wave plate.

over the entire brain section or within designated regions of interest (ROIs), and performing
stitching. For displaying and stitching high-resolution BRM images acquired as z-stacks, BRM
images are focus-stacked (Section S1.2).

2.4. Coregistration of birefringence parameter maps between PS-OCT and gBRM

Due to the use of different optical systems for imaging, the optic-axis orientation maps of PS-OCT
and gBRM required careful alignment in post-processing. First, we rotated the PS-OCT images
based on landmarks in the tissue for initial physical alignment of the PS-OCT and 10X gBRM
images. We then digitally rotated the PS-OCT orientation data and re-applied the color-wheel
to minimize the difference in orientation values across the PS-OCT and 10X gBRM optic-axis
orientation maps. For better alignment of the PS-OCT and 20X gBRM images, the PS-OCT
zoom-in was physically rotated further, based on landmarks in the tissue (e.g., blood vessels),
followed by the corresponding digital rotation to the PS-OCT orientation data. After alignment
and digital rotation, the same color-wheel was used for both modalities. Different regions of the
tissue required slightly different rotations due to distortions in the slide-mounted brain section
that was imaged with gBRM.
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2.5. Quantitative analysis of PS-OCT and qBRM images

To quantitatively compare the retardance and optic-axis orientation between PS-OCT and qBRM,
we manually selected 0.5 x 0.5 mm ROIs that were uniformly distributed across white and
gray matter at corresponding regions in PS-OCT and gBRM images and calculated the mean
retardance and circular mean optic-axis orientation of each ROI. Circular mean was calculated
using the MATLAB Circular Statistics toolbox [44]. We then linearly correlated the PS-OCT
and gBRM measurements in Origin using the linear fitting tool. We report the residual sum of
squares and Pearson’s r values as metrics of linear fitting quality.

3. Results
3.1.  Multiscale imaging of myelinated axons in brain tissue

PS-OCT and qBRM were used to image myelinated axons across multiple spatial scales in the
same human brain tissue. During PS-OCT, the light backscattered from the block of tissue is
imaged in a reflectance geometry with 6-um lateral resolution and 7-um axial resolution, across
the superficial layer of tissue. It should be noted that the spatial resolution of PS-OCT is not
sufficient to image details of individual fibers (with diameters of ~0.3 um to ~5 um), but rather,
fiber bundles. In the acquired images of reflectance, the size of each voxel is 3 X3 x 3.5 um,
based on the lateral step of the galvo mirrors and the spectral range of the illumination source.
For determining parameter maps with PS-OCT, the reflectance signal is analyzed across multiple
voxels in depth, providing final depth-resolved measurements of scattering and retardance slope
over intervals of 150 um in depth. Additionally, due to imaging with a coherent light source,
4 x 4 spatial averaging is required to remove laser speckle noise from the images. As a result, the
size of a PS-OCT voxel shown within an image is 12 x 12 x 150 pm. With the serial-sectioning
approach, volumetric maps of scattering, retardance, and in-plane optic-axis orientation were
obtained for the entire block of tissue at this voxel size.

For gBRM, individual 30-um sections are taken while performing serial sectioning, to be
imaged with diffraction-limited resolution (up to a lateral resolution of ~250 nm) in a transmission
microscope. Depending on the NA of the objective lens used during qBRM, the 30-um thick
section is either imaged through the entire thickness dimension at once, or with multiple planes
as a z-stack. In this work, two objective lenses were used for imaging: 10X (NA 0.3) for
low-resolution, whole-section images and 20X (NA 0.5) for high-resolution images of individual
myelinated axons in particular ROIs. With red light (A = 625 nm), the lateral resolution of gBRM
is ~1 um for the low-resolution (10X) images and ~0.6 pm for the high-resolution (20X) images,
while approximate values for axial resolution are ~14 um and ~5 um for low- and high-resolution,
respectively. For high-resolution imaging within relatively thick (30 um) brain sections, the
increased lateral resolution helps for resolving individual myelinated axons, but the biggest
difference in resolving power is afforded by the increased axial resolution of the higher-NA
objective, as axial resolution is proportional to the inverse square of the NA. High-resolution
gBRM requires z-stack imaging, as each image is constrained to a specific imaging plane within
the tissue section.

A direct comparison of PS-OCT and 10X gBRM images, across the entire sample and from the
same volume of tissue, are shown in Fig. 4. The images shown are the relative retardance [Fig. 4(a)
and (d)], the in-plane optic-axis orientation [Fig. 4(b) and (e)], and optical scattering/transmittance
[Fig. 4(c) and (f)]. The PS-OCT images [Fig. 4(a)—(c)] are acquired over 150 um of depth, while
the gBRM images [Fig. 4(d)—(f)] are acquired from one 30-pm thick section. Regardless of some
missing tissue in the gray matter of PS-OCT images, which was a result of peeling away pial
vessels at the cortical surface (to provide reliable sectioning), the PS-OCT images are free from
distortion. During slide preparation for gBRM, however, there were several occurrences of slight
tearing and distortion of the section, which can be seen most prominently at the cortical surface
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and in gray matter. The images in Fig. 4 demonstrate that we achieved accurate co-registration of
birefringence parameter maps, as well as the scattering and transmittance maps, imaged with each
method. The birefringence parameter maps (relative retardance and optic-axis orientation) are
expected to convey the same information, even though they are imaged across slightly different
volumes, while the scattering maps convey slightly different information, due to the fact that
optical scattering is being measured with different configurations (reflectance for PS-OCT and
transmission for gBRM).

Fig. 4. PS-OCT and low-resolution gBRM images from a block of human brain tissue. The
gBRM images were acquired with a 10X (NA 0.3) objective. Top row: PS-OCT. Bottom
row: ¢BRM. (a) PS-OCT relative retardance. (b) PS-OCT in-plane optic-axis orientation.
(c) PS-OCT scattering (us). (d) gBRM relative retardance. (e) gBRM in-plane optic-axis
orientation. (f) gBRM transmittance (inverted). The color-wheel in the top-right corner of
(b) and (e) indicates the direction of the myelin optic axis, which is orthogonal to the axis of
the axonal tract. ROIs 1 and 2, denoted in (b) and (e), are further analyzed in Fig. 6 and
Fig. 7.

In the retardance maps [Fig. 4(a) and (d)], we observe the same patterns of darkening within
white matter regions, which are due to crossing fibers, through-plane (inclined) fibers, or regions
where white matter density reduces (i.e., gray matter transitions) [32,35]. Regions of crossing
fibers appear darker than the surrounding white matter due to cancellation of retardance from
orthogonally oriented birefringent structures, while through-plane fibers appear darker because
they are azimuthally symmetric in cross-section, with the full range of optic-axis orientations
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along their edges, therefore also resulting in cancellation of retardance when imaged at low
resolution. With access to isotropic scattering contrast in OCT [Fig. 4(c)] in the same regions
where darkening is observed, it is straightforward to rule out the darkening happening as a
reduction in myelin density [45]. With only the PS-OCT images, it is difficult to assess if the
dark regions are primarily due to crossing or through-plane fibers, as both reduce the in-plane
anisotropy. However, with high-resolution gBRM, these regions can be imaged in detail to
directly reveal the orientations of the fiber population at the level of individual axons (Section
3.2).

In the optic-axis orientation maps [Fig. 4(b) and (e)], there is good agreement between the
PS-OCT and gBRM images. Small mismatches in orientations [e.g., at the bottom portion of
the gBRM image in Fig. 4(e)] can be attributed to distortions in the tissue during sectioning
or slide preparation for gBRM. When viewing these orientation maps, with the expectation of
mapping fiber directions, the longitudinal orientations of axons appear at 90° to the colors of the
orientation wheel inset, due to the optic axis of myelin (Fig. 1) being normal (radial) to the fiber
axis. For users interested in a visual cue for mapping the directions of fibers across the tissue, the
color-wheel can simply be rotated by 90°, and the color-wheel would then be viewed as a map of
fiber projections.

In the scattering maps [Fig. 4(c) and (f)], the clear distinction between gray and white matter
regions is conserved between the two methods. The PS-OCT image [Fig. 4(c)] is a map of
isotropic scattering (i), measured in reflectance, while the gBRM image [Fig. 4(f)] is a map of
intensity loss during transmission through the sample (transmittance). The gBRM transmittance
map is inverted to match the PS-OCT scattering map. In the absence of absorption, which can
be assumed to be negligible over these short distances and at these wavelengths in fixed brain
tissue, the inverted transmittance map provides a readout of optical scattering. This scattering
signal, however, is not isotropic and has been shown to be highly sensitive to the inclination
angle of fibers within white matter [37,46]. As a result, we do not expect there to be a universal
one-to-one correspondence between these two maps within any brain region. Additionally, for
gBRM, there is a practical motivation to minimize optical scattering from myelin (by performing
index-matching with 85% glycerol), as optical scattering from myelin reduces the contrast of
birefringence imaging and degrades image quality for investigation of individual fibers. In
PS-OCT, on the other hand, optical scattering from myelin is required to measure birefringence
in its reflectance geometry, so the scattering signal cannot be optimally minimized (partial
index-matching with 40% glycerol).

To quantitatively compare the gBRM and PS-OCT images, we manually selected ROIs across
the whole image and analyzed their correlation. Figure 5 shows the quantitative comparison of
PS-OCT and gBRM measurements of retardance and optic-axis orientation. In white matter, we
observed a strong linear correlation between gBRM and PS-OCT for both retardance [Fig. 5(a)]
and optic-axis orientation [Fig. 5(b)] measurements, which confirms that PS-OCT accurately
measures optic axis and birefringence properties in regions with a high degree of birefringence.
The slope in Fig. 5(b) is very close to one, demonstrating excellent agreement in optic-axis
orientation. The plot for relative retardance in Fig. 5(a) also demonstrates very good agreement,
but the slope does not have a physical meaning because PS-OCT and gBRM are each imaging
across different distances in tissue (and with different NA) and are therefore not expected to yield
the same absolute units of phase retardance. For either method, leaving the maps of relative
retardance in arbitrary units is equally as valid as assigning absolute units, as the images are
simply intended to provide visualization of relative changes in myelination across different regions
of tissue. Furthermore, it is difficult to relate an absolute measure of optical retardance back to a
meaningful measure of myelin content, without significant assumptions about the alignment of
the fibers across the imaging volume. While gBRM may still be required for high-resolution
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visualization of individual fibers, PS-OCT provides reliable images of myelin birefringence at
the mesoscopic scale within white matter.
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Fig. 5. Quantitative analysis between coregistered PS-OCT and gBRM images. (a) White
matter qBRM retardance vs. PS-OCT retardance. (b) White matter gBRM optic-axis
orientation vs. PS-OCT optic-axis orientation. (c) Gray matter gBRM retardance vs.
PS-OCT retardance. (d) Gray matter gBRM optic-axis orientation vs. PS-OCT optic-axis
orientation. The ROIs used to generate these plots are overlaid on the gBRM images in the

inset of (a) and (b).

In gray matter regions, the correlations were weaker. In the correlation plot for relative
retardance of gray matter [Fig. 5(c)], we observed higher error in regions with higher retardance,
which is likely due to the imperfect coregistration between the two modalities during ROI selection.
PS-OCT images were taken across 150 um in depth and were free from distortions, while gBRM
images were taken from a 30-um section that suffered slight distortions during slide preparation.
As a result, when comparing birefringence parameters from slightly different volumes of tissue
in the PS-OCT and qBRM images, there are ROIs that contain slightly different fiber populations.
Since the regions of gray matter that have the highest retardance also have the largest number of
fibers, these regions are more susceptible to variability in the fiber populations that were captured.
In gray matter regions with lower retardance, there are less fibers altogether, so these regions were
less susceptible to variability. For optic-axis orientation measurements in gray matter [Fig. 5(d)],
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we only analyzed the infragranular layers, since the PS-OCT signal in the supragranular layers
was largely contaminated by system bias (Section 2.2). In the infragranular layers of gray matter,
PS-OCT measurements of optic-axis orientation are correlated with gBRM, but expectedly with
a weaker correlation than in white matter. These data suggest that high-resolution gBRM is
necessary for the investigation of the organization and optic-axis orientations of fibers in gray
matter.

3.2. gBRM enables validation of PS-OCT optical property maps at the level of individual
myelinated axons

Two regions that appeared to comprise crossing fibers were selected for high-resolution qBRM,
to illustrate how gBRM provides individual-fiber validation of PS-OCT images from the same
human brain section. With a high-NA objective, multiple fiber orientations can be resolved in
gBRM for each PS-OCT voxel. Figure 6 shows the PS-OCT and gBRM images of subcortical
white matter [ROI 1 in Fig. 4(b) and (e)], where there are multiple distinct fiber directions
converging together, indicated by the different orientation colors. In the coregistered optic-axis
orientation maps determined with PS-OCT [Fig. 6(a)] and high-resolution gBRM [Fig. 6(b)],
there are polar plot overlays that provide a visualization of the major direction and distribution
of local fiber orientations. The colors of the polar plots indicate the major directions of the
myelin optic axis, while the spread of the polar plots represents the diversity of corresponding
fiber orientations measured in that local area. Crossing fibers exist at all locations of this ROI,
especially at the center where the polar plot is widest. Across the PS-OCT and qBRM optic-axis
orientation maps, we observed an overall correspondence between the major directions and the
relative spreads of the polar plots, confirming that PS-OCT provides correct mapping of the major
fiber orientations, validated with high-resolution gBRM. However, as expected, high-resolution
gBRM demonstrated more sensitivity to the variety of non-major fiber orientations, indicated by
the slightly wider polar plot distributions relative to PS-OCT.

Figure 6(c) shows the cropped and zoomed region with the widest polar plot distribution of
orientations [indicated by the white box in Fig. 6(a) and (b)], demonstrating that gBRM provides
detailed images of individual fibers and their orientations, while PS-OCT [Fig. 6(e)] shows
less detail of the same fibers. Within this region, there is a high degree of crossing fibers and,
effectively, no through-plane fibers. In similar white matter regions of other brain sections, where
we see crossing fibers, it is common to also see a population of through-plane fibers, which, due
to the radial optic axis of myelin (Fig. 1), appear as circular cross-sections with the full range of
the color-wheel around their circumference [see blue arrow in Fig. 7(c)]. In an expanded view
of the high-resolution gBRM orientation map [Fig. 6(d)], an example of a through-plane blood
vessel (blue asterisk) within white matter can be seen in the lower left, where myelinated axons
wrapping around the blood vessel also display the full range of the orientation color-wheel.

The cortex and superficial white matter are also rich in distinct crossing fiber populations,
where there are “radial” fibers extending perpendicular to the surface of cortex and “horizontal”
fibers running parallel to the surface of the cortex [47,48]. Figure 7 shows the PS-OCT and
gBRM images acquired within a cortical region at the crest of a gyrus [ROI 2 in Fig. 4(b) and
(e)]. In the optic-axis orientation maps imaged with PS-OCT [Fig. 7(a)] and high-resolution
gBRM [Fig. 7(b)], we observed good correspondence at the mesoscopic scale, and the methods
have similar sensitivity to larger bundles of radial fibers extending into the cortex [highlighted by
the red arrows in Fig. 7(a) and (b)].

The zoomed-in region indicated by the white box in [Fig. 7(a) and (b)] confirms that high-
resolution gBRM [Fig. 7(c)] provides detailed images of both radial (red arrows) and horizontal
fibers (white arrows), while only the large bundles of radial fibers (red arrows) are resolved
with PS-OCT [Fig. 7(e)]. The horizontal fibers are difficult to distinguish in the PS-OCT
optic-axis orientation map, because the small-diameter horizontal fibers are not grouped in
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Fig. 6. Quantitative comparison of PS-OCT and high-resolution gBRM in a white matter
region with crossing fibers. The region within the full sample is denoted by ROI 1 in
Fig. 4. (a) PS-OCT optic-axis orientation with overlaid polar plots. The color-wheel in the
lower-left corner indicates the direction of the myelin optic axis in all the images. The polar
plot overlays (plotted for image segments of 600 X 600 um) indicate the major optic-axis
orientation by color and the variety of local orientation by spread. (b) gBRM optic-axis
orientation with overlaid polar plots. The gBRM images were acquired with a 20X (NA
0.5) objective as z-stacks and were focus-stacked before stitching. (c) Zoomed-in region
of the gBRM image in (b) indicated by the white box. (d) Zoomed-in region of the gBRM
image in (c) indicated by the white rectangle. A through-plane blood vessel with myelinated
axons wrapped around it is seen in the lower-left (blue asterisk). (e) Zoomed-in region of
the PS-OCT image in (a). Scale bars: (b) 400 pm, (c) 50 ym, (d) 20 pum.

bundles, and because the PS-OCT system has an optical systematic bias that appears as repetitive
green and purple stripes across low-signal gray matter regions (Section 2.2). In the top-right
portion of the high-resolution qBRM image [Fig. 7(c)], a through-plane fiber (blue arrow) and
another through-plane blood vessel [blue asterisk, similar to that in Fig. 6(d)], are indicated for
comparison. Even though qBRM is only performed in 2D, high-resolution, z-stacks provide the
ability to estimate the 3D-orientation of through-plane fibers and inclined fibers. When zooming
in on the cortical surface [Fig. 7(d)] of the section within the gBRM image [indicated by the
white rectangle at the bottom of Fig. 7(b)], layers I and II of the cortex can be identified by the
resolved individual horizontal fibers (white arrows). With PS-OCT, these layers and the fibers
within them are difficult to visualize due to the fibers being small-diameter and because of the
system bias noted previously. As a side note, the yellow dots seen throughout Fig. 7(d), and in
other regions of the gBRM images of the cortex, are due to scattering from structures in the
tissue (i.e., blood vessels, cells, axons and dendrites) and the system correction employed during
gBRM image analysis (Section S1.3).

In summary, we have demonstrated that PS-OCT, which can image large tissue volumes,
correctly generates mesoscopic-scale retardance and optic-axis orientation maps in gray and
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Fig. 7. Comparison of PS-OCT and high-resolution gBRM in a cortical region with
crossing fibers. The region within the full sample is denoted by ROI 2 in Fig. 4. (a) PS-OCT
optic-axis orientation. The color-wheel in the lower-left corner indicates the direction of the
myelin optic axis in all the images. The red arrows highlight radial fibers captured in both
modalities. (b) gBRM optic-axis orientation. The gBRM images were acquired with a 20X
(NA 0.5) objective as z-stacks and were focus-stacked before stitching. The yellow arrow
highlights an air bubble situated in a through-plane blood vessel, which is given a yellow
color due to scattering and the system correction employed during gBRM image analysis
(Section S1.3). (c) Zoomed-in region of the white square from the gBRM image in (b). Red
arrows point to radial fibers and white arrows point to horizontal fibers. The blue arrow
indicates a through-plane fiber, and the blue asterisk indicates a through-plane blood vessel.
(d) Zoomed-in region of the white rectangle from the gBRM image in (a), which is in the
layer I/II of the cortex. Horizontal fibers are highlighted by white arrows. (e) Zoomed-in
region of the white square from the PS-OCT image in (a). Red arrows indicate radial fibers.
Scale bars: (b) 200 pm, (c) 50 um.

white matter, validated with high-resolution gBRM. While individual myelinated axons are
beyond the resolution limit of PS-OCT, this is typically not a major concern when studying
white matter, as fiber tracts tend to organize in larger bundles. Furthermore, the residual system
instrumental bias of birefringence for PS-OCT is not a major limiting factor in white matter,
where the birefringence contrast is high. PS-OCT provides unmatched volumetric imaging of
white matter, which would be laborious to perform with gBRM of individually sectioned and
slide-mounted brain sections. gBRM, on the other hand, is suitable for determination of fiber
orientations within dense white matter or sparse gray matter. As gBRM can be applied at low-
or high-resolution, and is effective in regions where PS-OCT is limited, gBRM can be used to
address the main limitations of PS-OCT. These two techniques are highly complementary when
studying the connectivity and organization of the human brain.
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4. Discussion

In the study of neuroanatomy, there is tremendous interest in determining and mapping axonal
connections across the brain [49]. A more robust understanding of how different regions of
the brain communicate with one another can lead to new insights into brain function in health
and disease. While dMRI has revolutionized the assessment of connectivity across the whole
brain, both in vivo and ex vivo, the limited spatial resolution prevents researchers from obtaining
the “full picture” in regions of the brain that exhibit complex combinations of fiber orientations
(e.g., regions with crossing and turning fibers). There is a need for methods that can provide
complementary imaging of brain architecture at the mesoscopic and microscopic scales, for
validation of diffusion metrics and for the determination of ground-truth orientations of fibers in
various, complex brain regions. In this work, we demonstrate that, with pure optical contrast,
label-free imaging of myelin with both PS-OCT and gBRM provides a powerful and convenient
method for studying the structural organization of fibers in the human brain.

We envision an approach to mapping of brain connectivity within postmortem tissues,
utilizing serial-sectioning PS-OCT for large-scale, volumetric imaging, with gBRM offering
high-resolution validation of fiber orientations within sections generated during PS-OCT imaging.
Other current methods for high-resolution imaging of fibers in brain sections include fluorescent
staining of myelin and confocal microscopy [50-53], immunohistochemical labeling of myelin
proteolipid protein [36] or neurofilament (axons) [54], spectral confocal reflectance (SCoRe)
microscopy [55], coherent anti-Stokes Raman scattering (CARS) microscopy [56—58] and
two-photon autofluorescence of myelin [59,60]. For the quantitative determination of fiber
orientation, these techniques all rely on post-processing analysis of image features, such as
structure tensor. With the ability to acquire rapid, widefield images of myelin structure with
label-free gBRM, we offer a powerful method for high-resolution determination of individual fiber
orientations, compared to those high-resolution microscopy techniques that are time-consuming
due to volumetric imaging by point-scanning. The images provided in Fig. 6 and Fig. 7 show the
promising capabilities of gBRM for serving as an advantageous method for studying new anatomy
and pathology, and for validating PS-OCT and dMRI in any region of the brain, especially those
with complex mixtures of fibers. While our gBRM system does not inherently measure the
out-of-plane (inclination) angles of fibers, with high-resolution z-stacks taken with gBRM, the
3D propagation of fibers along the thickness of the section can be visualized directly and their
3D angle can be deduced. The transmittance information also offers the potential to aid in the
determination of fiber inclination angles [46].

For imaging of fiber orientations at more mesoscopic scales, where fibers are not resolved
individually, serial-sectioning PS-OCT offers the unique advantage of enabling volumetric
assessment of brain tissue with minimal human intervention. Currently, the main limitation of
PS-OCT for this application is that, despite its volumetric imaging capabilities, the birefringence
and scattering parameters are restricted to 2D detection, as PS-OCT only measures the projection
of fiber orientation on the imaging plane. Measurement of 3D optic-axis orientations has been
reported by PS-OCT with multiple illumination angles [61-65] and has been tested on birefringent
tissues such as tendon. One important future direction is to further develop the method to
reveal the 3D optic-axis orientations of fibers in the brain. Other groups have demonstrated
3D imaging of fibers in brain tissue with myelin birefringence as the contrast mechanism, with
the aforementioned 3D-PLI [32,66], and optical scattering as the contrast mechanism, with the
more recently developed “scattered light imaging” (SLI) [67,68]. 3D-PLI utilizes the same
optical setup as gBRM but is applied at lower resolution and with a tilting stage, which enables
determination of the fiber inclination angle. SLI is based on a principle similar to 3D-PLI, but
instead of tilting the sample, illumination is performed with multiple angles of incidence, to image
scattering anisotropy from fibers in 3D. Both 3D-PLI and SLI are promising for mesoscopic-scale
imaging of 3D fiber orientations in white matter, but they are restricted to imaging relatively
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thin brain sections, ultimately limiting their ability to be used in larger-scale investigations of
brain structure. For PS-OCT, on the other hand, with the use of block-face imaging and serial
sectioning, large blocks (up to ~4 X4 x 2 cm) of brain tissue can be imaged without distortions,
making co-registration to dMRI more feasible than it would be for a technique that requires thin
sections for imaging.

In conclusion, with the modalities of PS-OCT and gBRM, we have demonstrated multiscale,
label-free imaging of myelin and its structural birefringence, providing detailed quantitative
images of fiber directionality and organization within the same human brain tissue. PS-OCT and
gBRM are inherently complementary to one another, being sensitive to the same birefringence
parameters at the mesoscopic and microscopic scales, respectively. Serial-sectioning PS-OCT
is superior for preservation of imaging volumes and for pushing the limit on the size of brain
tissue blocks that can be imaged within a reasonable time, while gBRM enables widefield and
efficient imaging of individual fibers with diffraction-limited resolution up to ~250 nm. For
validation of dMRI, PS-OCT provides reliable images of fiber-bundle orientations within a
volume context, while high-resolution gBRM can be used for unambiguous determination of
single-fiber orientations in regions of the brain with sparse fibers or complex distributions of
fiber orientations. Together, PS-OCT and qBRM provide a robust toolset for quantifying myelin
anisotropy across the postmortem brain.
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